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The influence of the electron spin degree of freedom on nonperturbative electron-positron pair pro- 
duction by high-energy proton impact on an intense laser field of circular polarization is analyzed. 
Predictions from the Dirac and Klein-Gordon theories are compared and a spin-resolved calculation 
is performed. We show that the various spin configurations possess very different production prob- 
abilities and discuss the transfer of helicity in this highly nonlinear process. Our predictions could 
be tested by combining the few- TeV proton beam at CERN-LHC with an intense laser pulse from 
a table-top petawatt laser source. 
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I. INTRODUCTION 

The interaction of photons with spin-polarized electrons 
has been studied for a long time, with a focus on high- 
energy bremsstrahlung and Bethe-Heitler pair produc- 
tion in the field of an atomic nucleus. These investi- 
gations provided deep insights into the subtle quantum 
nature of helicity transfer in scattering reactions [l|, [2| ■ 
Today, Bethe-Heitler pair production by circularly po- 
larized, high-energy photons is utilized for generation of 
positron beams with high degree of polarization, which 
are of interest for future experiments in particle physics 

1- 

When the photon source is an intense laser field, nonlin- 
ear generalizations of photo-induced processes may take 
place, involving the absorption (or emission) of more than 
one laser photon. Electron scattering processes in opti- 
cal laser fields of ultra-high intensity > 10 18 W/cm 2 have 
been studied extensively in recent years, both theoreti- 
cally 0, Q and experimentally [f>] . Such fields are charac- 
terized by a large value of the parameter £ = eEo/(muJo) 
of order unity, giving rise to pronounced relativistic ef- 
fects. Here, E$ and luq are the laser peak field strength 
and frequency, and — e and m are the electron charge 
and mass, respectively. Note that natural units with 
h = c = eq = 1 are used. 

The influence of the electron spin in relativistic mul- 
tiphoton scattering processes in strong laser fields has 
been investigated with respect to atomic photoionization 
0, Compton and Mott @, Q scattering, and e + e~ pair 
production in photon-multiphoton collisions (strong-field 
generalization of the Breit- Wheeler process) [3, [HJ • The 
spin effects were generally found to be rather small. 
Pronounced spin signatures, however, may be expected 
at even larger field intensities corresponding to a sizeable 
value of the parameter \ — C^o/™ ~ 1 (HI 02- ft IS 
interesting to note that the latter condition is equivalent 
to Eq ~ Es, with the Schwinger field E$ = m 2 /e which 
sets the natural scale for field-induced pair production 
from vacuum [ljj. Indeed, characteristic differences be- 



tween fermionic and bosonic particles have been revealed 
theoretically with respect to pair creation in an oscillat- 
ing electric field [lj] and in recent studies of the Klein 
paradox [15j . 

The highest laser field strengths available in the labora- 
tory today reach E ~ lO -4 ^ jTy]. They can be ampli- 
fied effectively in collisions of laser pulses with relativis- 
tic particle beams. When, for example, a few- TeV proton 
beam is brought into collision with a petawatt laser pulse 
of > 10 21 W/cm 2 intensity, the effective peak laser field 
strength in the proton rest frame closely approaches the 
Schwinger value due to a large Doppler boost (see [17| for 
a similar experimental setup utilizing the SLAC electron 
beam). 

The recent commissioning of the LHC at CERN [18[ has 
therefore stimulated a sustained interest from theoreti- 
cians in strong-field QED processes, mainly e + e~ pair 
production, qccuring in ultrarelativistic proton-laser col- 
lisions |19l425| . Besides, table-top petawatt laser systems 
are currently being developed [26| which could, in princi- 
ple, be operated in conjunction with the LHC. The pairs 
would be generated by a multiphoton generalization of 
the Bethe-Heitler process: 



nuj + 7 



e ' e 



(1) 



where n is the photon order, which may vary over a broad 
range, w is the Doppler-shifted laser frequency, and 7* de- 
notes a virtual photon from the Coulomb field of the pro- 
ton (some low-order Feynman diagrams of this process 
are depicted in Fig. 1 of [23| ). In the strong- field Bethe- 
Heitler reaction, huge amounts of energy and momentum 
are imparted into the QED vacuum, corresponding to 
the absorption of n ~ 10 5 -10 6 laser photons. Detailed 
predictions of total production rates as well as en ergy 
and angular positron spectra have been provided [19| - |24J . 
Spin-resolved results, however, were not reported yet. 
Interesting questions are connected with the role of the 
electron spin in the nonlinear Bethe-Heitler process (1): 
How does the spin degree of freedom affect the total 
production rate? Which electron-positron spin config- 



urations are favored? How does the helicity transfer by 
thousands of absorbed laser photons compare with the 
helicity transfer by a single photon of the same (total) 



with 



energy? 

In the present Letter, we provide answers to these ques- 
tions by analyzing the influence of the electron spin on 
strong-field Bcthc-Heitler pair production. The parame- 
ter regime with £ 3> 1 and x ~ 1 is considered, where the 
coupling to the external laser field is manifestly nonper- 
turbative. First, we compare the predictions of the Dirac 
and Klein- Gordon theories for spin-^ and spinless parti- 
cles, respectively. Moreover, we provide explicitely spin- 
resolved production rates by applying the Dirac spin pro- 
jector formalism within the framework of laser-dressed 
QED. In particular, we show that the dominant contri- 
bution to the total rate stems from antiparallel spin orien- 
tations of the electron and positron, whereas the smaller 
contribution from parallel lepton spins can be associated 
with the Klein-Gordon rate prediction. 
For further recent studies on photo- and laser-induced 



e + e pair creation we refer the reader to [27H3 



II. COMPARISON OF THE SPINOR AND 
SCALAR CASES 

In order to quantify the influence of the electron spin 
degree of freedom on the total rate of strong-field Bethe- 
Heitler pair creation, we first compare the corresponding 
predictions from the Dirac and Klein-Gordon theories. 
Similar comparative studies have been carried out with 
respect to Compton and Mott scattering [5] . 
Within the usual theoretical approach to pair creation 
in combined laser and nuclear Coulomb fields, which cor- 
rectly accounts for the spinor character of the leptons, the 
process amplitude in the proton rest frame reads [19 . |20| 
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The leptons are described by Dirac- Volkov states v I'p ± , s± 
which include their interaction with the plane- wave laser 
field to all orders (Furry picture). The states are labeled 
by the free four-momenta p± = (p ij_ , p, ) and spin quan- 
tum numbers s± outside the field. The indices + and 
— refer to the sign of the particle's electric charge. The 
Coulomb potential of the proton V{r) = e/(47rr) is taken 
into account within the first-order of perturbation theory. 
Note that the nuclear field at a distance of a Compton 
wave length amounts to ~ 10 V/cm which is substan- 
tially smaller than the near-critical laser field. 
The Dirac- Volkov states represent exact solutions of the 
Dirac equation in the presence of a classical plane elec- 
tromagnetic wave. They are given by |34| 
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corresponding to the classical action of the leptons in the 
laser field. Here, the Minkowski product of two four- 
vectors a M = (a , a) and 6 M = (b°, b) is denoted as (ab) = 
a°b° — a ■ b. Especially <Jl = (7a) = 7 M a M , with the Dirac 
matrices 7^. The four-potential of the laser field A** = 
(0, A) is taken in the radiation gauge. For definiteness, 
we will always assume a circularly polarized field of the 
form A(rj) = Ao(e x cos 77 + e y sin 77), with the laser phase 
rj = (kx) = tot — k ■ r. Note that this field polarization 
corresponds to right-handed laser photons. 
The Dirac- Volkov states obey the usual normalization 
condition of continuum states to a three-dimensional 8 
function in the particle three-momentum. The total rate 
for pair production is obtained from the square of the 
amplitude (|5J|, integrated over the outgoing particle mo- 
menta and summed over their spins, 
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The spin-summed square of the amplitude can be trans- 
formed into a trace over Dirac matrices in the usual way. 
If the electron was a spinless particle, its time evolution 
would be governed instead by the Klein-Gordon equation. 
The corresponding scalar Volkov solution in the external 
laser field would read 
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where Aw is given again by Eq. (UJ). They obey the 
same normalization condition as the Dirac- Volkov states 
of Eq. ©. In the scalar case, the amplitude describ- 
ing the creation of a pair of spinless particles with four- 
momenta p± reads 
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where the nuclear field is treated in first order as before. 
The total pair creation rate is obtained like in Eq. §5§ , 
with the spin sum omitted. 

Total pair creation rates in collisions of an ultrarelativis- 
tic proton with a superintense optical laser beam are 
shown in Fig. 1, based on Eqs. © and (|7|). A very steep 
dependence on the proton's Lorentz factor 7 is found. 
The Doppler-enhanced laser field strength in the pro- 
ton frame E s=s 27^0 reaches the Schwinger value (i.e. 
X ~ 1) for Lorentz factors around 7 w 3500, correspond- 
ing to the presently available proton energies of 3.5 TeV 
at CERN-LHC [l]|. Near-critical field strengths are re- 
quired for sizeable pair yields since the production rate 
scales like R ex exp(— 2y/3Es/E) in the parameter regime 



where % <C 1 [21| • Due to the exponential asymptotic be- 
haviour of the rate, the pair creation is often said to occur 
in the tunneling regime here. In the overcritical regime 
(x » 1) the rate dependence on the field becomes log- 
arithmic R oc \n[E/(2V3E s )j [Hj]. In the intermediate 
interaction regime considered here (x ~ 1) no exact an- 
alytical rate expressions are known and thus numerical 
computations of the rate are needed. 
With regard to spin effects, Fig. 1 demonstrates that 
the proper prediction based on the Dirac theory leads 
to production rates which are significantly larger than 
the Klein-Gordon results. For example, at 7 = 1000 
(7 = 3000) the Dirac theory predicts a total lab-frame 
rate of 2.1 x 10 5 s" 1 (2.8 x 10 9 s" 1 ), whereas the Klein- 
Gordon treatment yields 1.9 x 10 4 s _1 (4.0 x 10 8 s _1 ). 
Note that the enhancement is larger than the statistical 
factor 4 suggested by the number of possible spin config- 
urations in the final state. 
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FIG. 1: Total rates (with respect to the laboratory frame) for 
e + e~ pair creation in ultrarelativistic proton-laser collisions, 
as a function of the proton 7 factor. The parameters of the 
circularly polarized laser beam are uiq — 2.5 eV and £ = 30, 
corresponding to a field intensity of 10 22 W/cm 2 . The solid 
and dashed lines show the predictions from the Dirac and 
Klein-Gordon theories, respectively. 



The total production rate in Eq. ([5]) may be decom- 
posed into the contributions from different photon orders, 
R = ^2 n R n . Formally this is achieved by expanding the 
periodic parts of the Volkov states into a Fourier series, 
resulting in an expression of the form [ljj [2(| 



\M P+P _ \ 2 = J2 T " %° + «- - nuj ) 



(8) 



where the T n denote complex functions of the parti- 
cle and laser field parameters. The argument of the 5 
function reflects the law of energy conservation in the 
process. Note that the leptons are created inside the 
strong field with their laser-dressed quasi-energies q± 
34|. The corresponding laser-dressed mass amounts to 
to* = myjl + £ 2 . The typical number of laser photons 
absorbed is of the order of n ~ 2m* £/w, with uj sw 27W0, 
and varies over a broad range [19( . This leads to a quasi- 
continuous number distribution, as Figure 2 shows. 
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FIG. 2: Distribution of the number of laser photons con- 
tributing to the pair creation rate, according to the Dirac 
and Klein-Gordon theories, as indicated. The laser parame- 
ters are as in Fig. 1 and the proton Lorentz factor amounts to 
7 = 3000. The photon number distribution is equivalent to 
the spectrum of the total pair energy in the proton frame [see 
Eq. J5)]. In addition to the total rates (solid and dashed lines, 
respectively), the dotted line shows the contribution to the 
Dirac rate from pairs of right-handed particles; see Sec. III. 
The dashed and dotted curves are enhanced by a factor of 4. 



III. SPIN-RESOLVED PRODUCTION RATES 

From the ordinary Bethe-Heitler effect by a single photon 
it is known that characteristic correlations between the 
electron and positron spins s± exist. For example, the 
faster one of the created leptons is much more likely to 
be polarized in the same sense as the circularly polarized 
photon [H-i]. 

In this section, we analyze spin correlations in the nonlin- 
ear Bcthc-Hcitlcr effect in strong laser fields by determin- 
ing the contributions from the various spin combinations 
to the total rate. To this end, we apply the spin projec- 
tion operator of the Dirac theory 



S(«) = \ (i 



7^7) 



(9) 



with the spin four-vector s^ 

„2 



(s°, s) satisfying the rela- 
tions s z — ~ 1 and (sp) = 0. We will consider the par- 
ticular spin basis describing right-handed (R) and left- 
handed (L) particles, i.e. 
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where 7 p = p° jm and /3 P = (1 — Jp 2 ) 1 
We note that, as long as the leptons move inside the 
field, their spin is precessing (see also [l3|)- Formally 
this arises from the matrix- valued factor ~ l/ifi. in Eq. ([3]) 
which, upon multiplication, leads to a periodic rotation 

of the free Dirac spinor u p J . After the particles have left 
the laser field, the spin quantum numbers in Eq. (|10[) can 
be measured. The corresponding spinor wavefunctions 
then become eigenstates of the helicity operator S -p/\p\ 



with the eigenvalues ±1/2. Here, S denotes the Dirac 
spin operator [3J] . We recall that the helicity of a massive 
particle is not Lorentz invariant but depends on the frame 
of reference. Our results shown below refer to the rest 
frame of the proton. 

With the help of the spin projection operator, the 
squared creation amplitude for a particular spin configu- 
ration may be expressed as a trace, 
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Figure 3 shows the relative contributions R s+S - jR of the 
various spin constellations to the total pair creation rate. 
Since the pair is created by the absorption of a very large 
number of circularly polarized photons of the same he- 
licity, it is tempting to expect that both leptons are pro- 
duced preferably with the photons' helicity. The analy- 
sis of the ordinary Bethe-Heitler process by single-photon 
absorption, however, led to the conclusion, that this intu- 
itive expectation based on angular momentum conserva- 
tion fails because of subtle quantum interference effects 
0,111. 

In the present situation, wc find that the dominant con- 
tribution always stems from pairs in opposite spin states. 
Both combinations e^e^ and eje^ are equally probable, 
since the square of the underlying matrix element is sym- 
metric under particle exchange. This property is also 
known from the ordinary Bethe-Heitler process [2|. In 
comparison, the production of pairs of equal-handed lep- 
tons is significantly suppressed in this interaction regime. 
The probability for a right-handed pair is slightly larger 
than for a left-handed pair, which may be considered a 
consequence of the field helicity. While being smallest, 
the contribution from left-handed pairs nevertheless is 
much more sizeable than in pair creation by single-photon 
absorption, where it is practically negligible. Note, more- 
over, that the contributions from equal-handed leptons 
grow with increasing proton energy. 
We point out that the contributions R SrSr and R SlSl , 
respectively, from equal-handed pairs practically coin- 
cide with the total rate predicted by the spinless Klein- 
Gordon theory. Indeed, the ratio between the total Klein- 
Gordon and Dirac rates, p = Rkg/ RDir&a amounts to 
p « 0.09 at 7 = 1000 and p w 0.14 at 7 = 3000 (see the 
corresponding numbers given in Sec. II). This observa- 
tion is further corroborated by an additional calculation 
at 7 = 300 where R SrSr /R rj R SlSl /R « 0.04 « p is ob- 
tained. The Klein-Gordon prediction and the results for 
equal-handed spins according to the Dirac theory more- 
over give rise to very similar photon number distributions 
as well (see Fig. 2). 
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FIG. 3: Relative contributions to the total pair creation rate 
from the different electron-positron spin configurations [see 
Eg. (|10[) ]. with respect to the proton frame. The laser pa- 
rameters are as in Fig. 1 and the proton energy varies from 
« 1-5 TeV. Solid lines connect our numerical data which are 
indicated by the open circles and triangles. 



IV. TRANSFER OF HELICITY AND DEGREE 
OF POLARIZATION 

The ordinary Bethe-Heitler process by a single photon of 
circular polarization and high energy allows for a rather 
efficient helicity transfer to one of the produced leptons. 
The degree of polarization of each particle depends on its 
energy and, in the limit w > ra, is given by [2J 



P 



4a; -1 
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Here, R R = R s r s r + R SrS l and Rl = R^s L +R s L s R&nd 
dR R} L denote the corresponding singly differential rates 
with respect to the energy of the particle. The latter is 
expressed as p° — xlo, with < x < 1, and refers to the 
nuclear frame of reference. 

For p° m id, Eq. ([TBf implies P « 1. I.e., when almost 
the complete photon energy is transfered to one of the 
leptons, then this particle also carries the photon helicity 
(whereas the other particle of the pair is weakly polarized 
in the opposite sense, P sw —1/3). Note that the high- 
energy lepton fulfills a dispersion relation p° ss \p\ similar 
to a massless particle and is emitted under a narrow angle 
into forward direction. It thus closely resembles the ab- 
sorbed photon in terms of the kinematic and polarization 
properties. 

It is interesting to compare the degree of polarization (fl3|) 
with the corresponding one resulting from a highly non- 
linear Bcthc-Hcitlcr process involving the absorption of 
thousands of laser photons. Let us consider pair creation 
in proton-laser collisions at the parameters 7 = 3000, 
ujq = 2.5 eV and £ = 30. Then the photon energy in 
the proton frame amounts to to = 15keV. The solid line 
in Fig. 4 shows the degree of polarization for the domi- 



nant photon order n = 10 5 . The total amount of energy 
absorbed in this process is nuj — 1.5 GeV. The degree of 
polarization from this partial rate is compared to the one 
obtained from the single-photon Bethe-Heitler process at 
the photon energy w = 1.5 GeV (dashed line), according 
to Eq. (fl"3|) . Both degrees of polarization are qualitatively 
distinct. The single photon process leads to a dominant 
production of right-handed particles over a broad energy 
range. Contrary to that, in the nonlinear case the degree 
of polarization is very close to zero for a wide range of 
medium energies. A significant degree of polarization is 
only realized at the edges of the energy spectrum. In- 
terestingly, when one of the leptons absorbs almost the 
complete photon energy and becomes highly polarized, 
the low-energy lepton will obtain an almost equal de- 
gree of polarization in the opposite direction. Therefore, 
multiphoton absorption can in principle lead to a pair of 
particles which both are polarized. 

However, the number of photons absorbed in the pair cre- 
ation process is not fixed but varies over a broad range. 
The observable degree of polarization therefore is an av- 
erage over all photon orders. Since the high-energy edges 
around q° ~ ntu overlap with the energy spectra of neigh- 
boring photon orders, the degree of polarization will be 
less pronounced for the total process. We may thus con- 
clude that the absorption of a large number of photons, 
although all of them carry the same helicity, seems to 
blur the effects that lead to high degrees of polarization 
in the single-photon process (see also |9(). 
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FIG. 4: Degree of longitudinal polarization of one of the cre- 
ated particles for a single photon process (dashed line) in com- 
parison with a highly nonlinear process involving n = 10 5 
laser photons (solid line). In the latter case, the collision pa- 
rameters are the same as in Fig. 2. An identical amount of 
energy (and momentum) is absorbed in both processes. The 
degree of polarization is plotted against the particle's quasi- 
energy in the proton frame. In the single-photon case (where 
£ <C 1 is assumed) the latter coincides with the free energy 



V. CONCLUSION 

Spin effects in the nonlinear process of e + e~ pair cre- 
ation in collisions of a highly relativistic proton beam 
with a super-intense optical laser pulse of circular polar- 
ization were considered. It was shown, that the leptonic 
spin degree of freedom substantially enhances the total 
pair creation rate, as compared to the prediction from 
the spinless Klein- Gordon theory. The spin states of the 
pairs are strongly correlated, favoring the creation of par- 
ticles with opposite hclicitics in analogy with the linear 
Bcthe-Heitlcr process. Nevertheless, only low degrees of 
polarization arise because of the very broad number dis- 
tribution of laser photons absorbed. The contributions 
from pairs of equal helicity exhibit an interesting corre- 
spondance with the Klein-Gordon results. 
Our predictions could be tested experimentally at 
CERN-LHC when a petwatt-class table-top laser system 
is operated in conjunction with the accelerator beam- 
line. While the main goal of the LHC is the search for 
physics beyond the standard model, corresponding stud- 
ies of strong-field QED phenomena might be conducted 
in a casual manner along the way, or at a later stage after 
the LHC has accomplished its major tasks. 
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